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Abs t rac t .  - Research on s t o r e d  i o n  f requency s tandards  a t  t h e  U n i t e d  

S ta tes  Na t iona l  Bureau o f  Standards i s  b r i e f l y  discussed. We summarize 

p a s t  work and i n d i c a t e  d i r e c t i o n s  o f  f u t u r e  research. 

I n t r o d u c t i o n .  - The purpose o f  t h i s  paper i s  t o  b r i e f l y  summarize t h e  work a t  t h e  

Na t iona l  Bureau o f  Standards (NBS) which has been d i r e c t e d  towards r e a l i z i n g  a 

f requency s tandard  based on s t o r e d  i ons .  The s i m i l a r  work o f  o t h e r  groups [l] i s  

n o t  d iscussed here.  Th is  summary b r i e f l y  desc r ibes  p a s t  work and i n d i c a t e s  

f u t u r e  d i r e c t i o n s  o f  research  a t  NBS. 

The s t o r e d  i o n  work a t  NBS was i n i t i a t e d  i n  t h e  f a l l  o f  1977. The goal  o f  

t h i s  work has been t o  dev i se  a techn ique f o r  r e a l i z i n g  a f requency  s tandard  whose 

accuracy would be s i g n i f i c a n t l y  b e t t e r  than t h a t  o f  t h e  Cs atomic  beam f requency  

standard.  W i th  t h i s  i n  mind, t h e  i o n  s to rage  method [ 2 ]  was pursued because i t  

can p r o v i d e  l o n g  conf inement t imes  w i t h o u t  t h e  usua l  p e r t u r b a t i o n s  assoc ia ted  

w i t h  conf inement ( e . g . ,  t h e  w a l l  s h i f t  i n  t h e  H-maser). 

The i n i t i a l  work was d i r e c t L d  toward  r e a l i z i n g  l a s e r  c o o l i n g  o f  i o n s  [3], 
s i n c e  t h i s  would p r o v i d e  a way t o  s u b s t a n t i a l l y  suppress t h e  f requency  s h i f t  due 

t o  t h e  second-order Doppler o r  t i m e - d i l a t i o n  e f f e c t .  F o r  these i n i t i a l  e x p e r i -  

ments, Mg' i ons  were s t o r e d  i n  a Penning t r a p .  Mg' i o n s  were chosen, s ince  t h e  
e l e c t r o n i c  s t r u c t u r e  i s  f a i r l y  s imp le  ( i . e . ,  l i k e  t h a t  o f  n e u t r a l  a l k a l i  atoms) 

and r e q u i r e d  a l a s e r  source a t  280 nm. The Penning t r a p  was chosen because t h e  

r e s i d u a l  h e a t i n g  mechanisms ( a t  l e a s t  f o r  a c l o u d  o f  i ons )  a r e  l e s s  than  f o r  t h e  

rf t r a p .  

I n  t h e  f i r s t  exper iments [ 4 ] ,  t h e  tempera ture  o f  t h e  i ons  was mon i to red  

d i r e c t l y  by t h e  b o l o m e t r i c  techn ique [5]. F igu re  1 shows t h e  Mg' i o n  tempera ture  

vs. t i m e  f o r  a f i x e d  l a s e r  de tun ing  o f  about - 2  GHz f rom t h e  3s 2S4 (MJ = -4) + 

3p ZP,,, (MJ = -3/2) t r a n s i t i o n  f requency. The s e n s i t i v i t y  o f  these tempera ture  

measurments was l i m i t e d  by no ise  i n  t h e  e l e c t r o n i c  d e t e c t i o n .  There fore ,  subse- 

quent  measurements de tec ted  t h e  temperature by obse rv ing  t h e  f l uo rescence  l i g h t  

s c a t t e r e d  by t h e  i ons  and measur ing the  Doppler w id ths  o f  t h e  o p t i c a l  l i n e s  [6]. 
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1- 
I. I o n  tempera ture  vs.  t i m e  when l a s e r  c o o l i n g  i s  a p p l i e d  f o r  f i x e d  l a s e r  de- 

t u n i n g  o f  - 2  GHz. The ions  were i n i t i a l l y  heated above e q u i l i b r i u m  tempera- 

t u r e  w i t h  t h e  l a s e r .  

-t 3p 2P,/, (MJ = -,/,) t r a n s i t i o n  f o r  a f i x e d  t ime  u n t i l  a tempera ture  

approaching 0 K ( c  40 K) was achieved. A f t e r  t h e  l a s e r  i s  t u r n e d  o f f ,  t h e  

i ons  r e t h e r m a l i z e  t o  t h e  ambient temperature.  

Laser c o o l i n g  was t h e n  a p p l i e d  on t h e  3s 25% (MJ = -%) 

I v -  

2. Spec t ra  of  one Zeeman component o f  l a s e r  coo led  24,25,26Mg+. The room 
tempera ture  Doppler w i d t h  o f  these l i n e s  i s  about 3 GHz. On ly  t h e  24Mg+ i s  

d i r e c t l y  l a s e r  cooled. The 2sMg+ h y p e r f i n e  s t r u c t u r e  has been o p t i c a l l y  
pumped r e s u l t i n g  i n  t h e  obse rva t i on  o f  o n l y  t h e  (MJ = -%, MI = - 5 / , ) + - +  

(M  = - 3/2, M = - 5 / 2 )  component. J I 

F i g u r e  2 shows t h e  f l uo rescence  l i g h t  f rom a "1ow" power l a s e r  wh ich  i s  swept i n  

f requency across t h e  3s  2S4 (MJ = -3) + 3p ,P3,, (MJ = -3/2) o p t i c a l  t r a n s i t i o n s  

o f  t h e  t h r e e  n a t u r a l l y  occu r ing  Mg+ i so topes .  A t  t h e  same t ime ,  a h i g h e r  power 

(app rox ima te l y  1 0  t imes h i g h e r  power) f i xed - f requency  l a s e r  i s  tuned t o  t h e  low 

f requency  s i d e  o f  t h e  24Mg+ t r a n s i t i m  t o  keep t h e  sample co ld .  (Note t h a t  t h e  

25Mg+ and 2sMg+ i so topes  a r e  n o t  d i r e c t l y  l a s e r  cooled, b u t  a r e  coo led  by  Coulomb 

c o l l i s i o n s  w i t h  t h e  coo led  24Mg+.) 
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Lowest temperatures have so  f a r  been ob ta ined  f o r  s i n g l e  i ons  [ 7 ]  where 

cyc lo t ron-magnet ron  " temperatures" o f  approx imate ly  0 .05  K have been ob ta ined  f o r  
a s i n g l e  24Mg+ ion .  F i g u r e  3 shows t h e  double-resonance d e t e c t i o n  o f  t h e  2S4 
(MJ = -4) -, ZP,,, !MJ = -4) o p t i c a l  t r a n s i t i o n  i n  a s i n g l e  24Mg' i o n .  Our theore-  
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3. Double-resonance curve  o f  a s i n g l e  24Mg+ ion .  On t h e  v e r t i c a l  a x i s  i s  t h e  

f l uo rescence  from a f i xed - f requency  l a s e r  (power approx imate ly  5 pW) tuned 

t o  t h e  ( z P , / 2 ,  MJ = - 3 / 2 > + ( 2 S 4 ,  MJ = -4) t r a n s i t i o n .  Each p o i n t  rep resen ts  

a 10 s i n t e g r a t i o n ;  t h e  connect ing  l i n e s  are  o n l y  f o r  c l a r i t y .  The h o r i -  

zon ta l  a x i s  i s  t h e  f requency o f  t h e  low-power (<< 5 pW) l a s e r  which i s  

c o n t i n u o u s l y  scanned across t h e  (2P,/,, MJ = -4)+(2S,+, MJ = -4) t r a n s i t i o n .  

The dashed curves a r e  s i m u l a t i o n s  o f  f l uo rescence  a t  T = 0 K and 100 mK (no 

added no ise ) .  The s o l i d  curve  i s  exper imenta l  da ta .  From these da ta ,  we 

conclude T = 50 +_ 30 mK. 

t i c a l  p r e d i c t i o n s  [e ,  a l s o  I t a n o ,  Wayne M. ,  and Wineland, D. J . ,  t o  be pub l i shed1  

i n d i c a t e d  t h a t  lower  temperatures shou ld  be ob ta ined;  p o s s i b l e  l i m i t a t i o n s  may be 

caused by the  presence o f  i m p u r i t y  i ons  i n  t h e  t r a p .  Fu tu re  exper imenta l  inves-  

t i g a t i o n s  a re  planned; a new apparatus w i t h  improved f l uo rescence  c o l l e c t i o n  

e f f i c i e n c y  i s  be ing  cons t ruc ted .  

I n  t h e  Penning t r a p ,  i ons  a re  uns tab le  w i t h  respec t  t o  c o l l i s i o n s  w i t h  

background gas; t h a t  i s ,  c o l l i s i o n s  cause t h e  magnetron o r b i t s  t o  i nc rease  i n  

s i z e  and t h i s  leads  t o  i o n  l oss .  Th is  process can be reve rsed  by a techn ique 

wh ich  i s  f o r m a l l y  e q u i v a l e n t  t o  t h e  usual  l a s e r  c o o l i n g  [4,6, a l s o  I t a n o ,  Wayne 

M . ,  and Wineland, D. J . ,  t o  be oub l i shed ] ;  s p e c i f i c a l l y ,  t h e  magnetron energy i s  

inc reased and t h e  o r b i t  s i z e  reduced by l a s e r  s c a t t e r i n g  by s p a t i a l l y  t a i l o r i n g  

t h e  l a s e r  beam. The r e s u l t  i s  t h a t  i n f i n i t e  conf inement t imes  a r e  i n  p r i n c i p l e  

p o s s i b l e  i n  the  Penning t r a p .  
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The ground-s ta te  s t r u c t u r e  o f  Mg' ions  has been measured by double-resonance 

schemes where changes i n  t h e  l a s e r  f luorescence can be used t o  mon i to r  ground- 

s t a t e  rf and microwave t r a n s i t i o n s  [9,101. Th is  has l e d  t o  a measurement o f  

t h e  ground-s ta te  h y p e r f i n e  cons tan t  ( A  = -596.254 376(54) MHz) and gl/gJ 

(= 9.299 484(75) x For t h i s  i o n ,  t h e  d e r i v a t i v e  o f  t h e  ground- 

s t a t e  (MI, MJ) = (-3/2, $) t o  (-%, $) t r a n s i t i o n  w i t h  respec t  t o  magnet ic f i e l d  

B The cor respond ing  resonance (u F 292 MHz) was ob- 

served a t  t h i s  f i e l d  w i t h  l i n e w i d t h s  as smal l  as 0.012 Hz (Q E 2.4 x lolo) by i m -  

p lement ing  t h e  Ramsey i n t e r f e r e n c e  method w i t h  two coherent  r f  pu lses  separa ted  i n  
t i m e  by 41.4 s (see f i g u r e  4). We expect t h a t  such narrow resonance l i n e s  (and 

even narrower l i n e s )  can be observed i n  o t h e r  i o n s  (e .g . ,  Hg') w i t h  h i g h e r  ground- 

s t a t e  t r a n s i t i o n  f requenc ies .  Th is  c o u l d  then y i e l d  ex t remely  h i g h  Q ( >  i n  

microwave t r a n s i t i o n s  which would be va luab le  f o r  f requency s tandard  a p p l i c a t i o n s .  

i n  25Mg+. 

goes t o  zero  a t  Bo E 1.24 T. 
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4. R f  resonance curve  f o r  t h e  ( m  mJ) = (-3/2, $) t o  (-%, 3) ground-s ta te  

h y p e r f i n e  t r a n s i t i o n  i n  25Mg . Each c i r c l e  rep resen ts  t h e  average o f  f o u r  

measurements ( t o t a l  d e t e c t i o n  f luorescence i n t e g r a t i o n  t i m e  o f  16 5 ) .  The 

o s c i l l a t o r y  l ineshape r e s u l t s  f rom t h e  use o f  t h e  Ramsey method t o  d r i v e  t h e  

t r a n s i t i o n ,  Two coherent  r f  pu lses  o f  d u r a t i o n  T = 1 .02  s separa ted  by 

T = 41.4 s were a p p l i e d .  The v e r t i c a l  arrow marks t h e  c e n t r a l  minimum, 

wh ich  corresponds t o  t h e  resonance frequency. 

+ I '  

I n  some double-resonance schemes, i t  i s  p o s s i b l e  t o  s c a t t e r  many photons f o r  

each microwave o r  o p t i c a l  " c l o c k "  photon  absorbed. ( I F  R e f .  10,  a f a c t o r  o f  

about  lo6 was ach ieved. )  Th is  "quantum m u l t i p l i c a t i o n "  shou ld  a l l o w  t h e  s i g n a l -  

t o -no ise  r a t i o  i n  double-resonance d e t e c t i o n  schemes t o  be l i m i t e d  o n l y  by t h e  

s t a t i s t i c a l  no i se  i n  t h e  number o f  i ons  t h a t  have made t h e  " c l o c k "  t r a n s i r i o n  

[9,11]. Th is  w i l l  be ex t remely  impor tan t  f o r  f requency standards based on i ons  
where t h e  number o f  i ons  i s  necessar i  i y  r a t n e r  smal 1.  
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Because o f  t he  above r e s u l t s ,  we have i n i t i a t e d  work a t  NBS t o  r e a l i z e  

microwave [ll] and o p t i c a l  [11,12] f requency standards based on Hg+ ions  s t o r e d  

i n  a Penning t r a p .  

(2,l) ground-s ta te  h y p e r f i n e  t r a n s i t i o n  i n  201Hg+, wh ich  i s  f i e ld - i ndependen t  t o  

f i r s t  o rde r  a t  B : 0 .534  T,  w i t h  f requency : 25.9 GHz (see f i g u r e  5 ) .  I f  Bo can 

be c o n t r o l l e d  t o  s l i g h t l y  b e t t e r  than 0 . 1  ppm over  t h e  i o n  c loud,  t h e  f r a c t i o n a l  

f requency  s h i f t  can be kep t  below 10-ls. ( A t  t he  " f i e ld - i ndependen t "  p o i n t  

Au/uo = (AB/Bo)2/6). The v e l o c i t y  i n  t h e  magnetron mo t ion  w i l l  g i v e  a second- 

o rde r  Doppler s h i f t ;  i t  should be c o n t r o l l a b l e  t o  10-ls (see below).  A l l  o t h e r  

sys temat ic  s h i f t s ,  such as those due t o  c o l l i s i o n s ,  t h e  t r a p  e l e c t r i c  f i e l d s ,  o r  

thermal  r a d i a t i o n  appear t o  be l e s s  than  [ll]. I t  shou ld  be p o s s i b l e  t o  

observe t h e  t r a n s i t i o n  w i t h  a Q o f  2.6 x lo1* or b e t t e r ,  by u s i n g  o p t i c a l  pumping 

and d e t e c t i o n  techn iques  s i m i l a r  t o  those demonstrated w i t h  25Mg+. The accuracy  

o f  t h i s  s tandard  cou ld  be b e t t e r  t han  

The proposed microwave frequency s tandard  i s  based on t h e  (F, MF) = (1,l) t-1 

0 

11.11 * 1 
"Hg' 

I 1 I I 
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Bo ( T I  

5.  Ground-state h y p e r f i n e  energy l e v e l s  o f  201Hg+ vs. magnet ic f i e l d .  S ta tes  

a re  des ignated  by the  ( F ,  MF) r ep resen ta t i on .  Three t r a n s i t i o n s  a re  i n d i -  

ca ted  a t  t h e  f i e l d s  where the  t r a n s i t i o n  f requenc ies  a re  independent o f  

magnet ic f i e l d  t o  f i r s t  o rder .  

The p-c>osed o p t i c a l  f requency s tandard  [ll,?:] i s  based on t h e  two-photon- 

a l l owed  5 d l G  i - S q  ' -, 5d9 6 s z  20,,2 Hg+ t r a n s ' z i o n ,  which has a n a t u r a l  Q o f  
7 . 4  x The - . - * . - d e r  Doppler e f f e c t  can be e l ima ted  by  d r i v i n g  the  t r a n s i -  
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t i o n  w i t h  coun te r -p ropaga t ing  563.2 nm l a s e r  beams. Hyperfine-Zeeman components, 
whose magnetic f i e l d  d e r i v a t i v e s  van ish  a t  p a r t i c u l a r  va lues o f  B e x i s t  i n  

lQsHg+ and 201Hg+. The two-photon t r a n s i t i o n  can be de tec ted  w i t h  h i g h  e f f i c i e n c y  
by us ing  the  194.2 nm f l uo rescence  i n t e n s i t y  as a probe o f  t h e  ground-state 

popu la t i on .  Tak ing f u l l  advantage o f  t h e  h i g h  Q t r a n s i t i o n  would r e q u i r e  a l a s e r  
w i t h  l i n e w i d t h  l e s s  than  1 Hz, wh ich  does n o t  e x i s t  a t  p resen t .  However, l i n e -  

w id ths  $ 100 Hz appear f e a s i b l e  and c o u l d  be used f o r  i n i t i a l  exper iments.  I f  

t h e  l a s e r  l i n e w i d t h  i s  l e s s  than  t h e  n a t u r a l  l i n e w i d t h ,  t hen  t h e  ac S t a r k  s h i f t  

i s  about 2 x near s a t u r a t i o n .  A l l  o t h e r  systemat ic  s h i f t s  appear t o  be 

l e s s  than  10-15. We note t h a t  t h e  ac S t a r k  s h i f t  can be made n e g l i g i b l y  smal l  by 
d r i v i n g  the  s i n g l e  photon 2S4 + 205,2 quadrupole t r a n s i t i o n .  I n  t h i s  case, i t  

w i l l  be d e s i r a b l e  t o  use a s i n g l e  i o n  t h a t  can be con f ined  t o  app rox ima te l y  r e a l -  

i z e  t h e  Dicke c r i t e r i o n  i n  o rde r  t o  suppress f i r s t - o r d e r  Doppler e f f e c t s .  

The method c u r r e n t l y  be ing  i n v e s t i g a t e d  f o r  genera t i ng  t h e  r e q u i r e d  194.2 nm 

0' 

r a d i a t i o n  f o r  l a s e r  c o o l i n g  and 

KB5 c r y s t a l  o f  t he  o u t p u t  o f  a 

second harmonic, generated i n  an 

i z e d ,  single-mode cw A r +  l a s e r .  

For t h e  microwave frequency 

l a r g e s t  p o s s i b l e  number o f  i ons  

o p t i c a l  d e t e c t i o n  i s  sum-frequency m i x i n g  i n  a 

792 nm single-mode cw r i n g  dye l a s e r  and t h e  

ADP c r y s t a l ,  o f  t h e  o u t p u t  o f  a 514 nm s t a b i l -  

standard,  i t  is e s p e c i a l l y  d e s i r a b l e  t o  use t h e  

i n  o rde r  t o  i nc rease  s i g n a l  t o  no ise.  Unfor-  

t u n a t e l y ,  as t h e  number o f  i o n s  i s  increased,  t h e  second-order Dopp ler  s h i f t  due 
t o  magnetron r o t a t i o n  a l s o  increases,  which w i l l ,  t h e r e f o r e ,  l i m i t  t h e  number o f  

i o n s  t o  about lo5 o r  l e s s  f o r  ( A  s i m i l a r  problem e x i s t s  for 
t h e  rf t r a p  due t o  t h e  k i n e t i c  energy i n  t h e  mic romot ion  [13]). There fo re ,  s t u d i e s  
w i l l  a l s o  be devoted t o  methods o f  c o n t r o l l i n g  t h e  d e n s i t y  and shape o f  t h e  i o n  

c louds.  

We g r a t e f u l l y  acknowledge t h e  suppor t  o f  t h e  U n i t e d  S ta tes  A i r  Force O f f i c e  

accuracy [ll]. 

o f  S c i e n t i f i c  Research and t h e  O f f i c e  o f  Naval Research. 
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